INTRODUCTION
Diagnosis and predicted prognosis of patients with myelodysplastic syndrome (MDS) are largely determined by morphologic and clinical measures.
1,2 Recurrent somatic mutations, which are drivers of MDS pathogenesis and can be powerfully associated with clinical phenotype, are not currently incorporated into the routine clinical care of patients with this disorder.
3,4 Somatic mutations are common in MDS, with Ͼ 75% of patients carrying Ն one abnormality in the 30 most frequently mutated genes. [5] [6] [7] Abnormalities in specific genes, such as NRAS, RUNX1, and TP53, have been associated with prognostically important variables, including elevated bone marrow blast proportion and severe thrombocytopenia.
3 Therefore, it is likely that acquired mutations could also predict response to specific interventions, such as treatment with hypomethylating agents or survival after hematopoietic stemcell transplantation (HSCT). 8 Calculation of risks, benefits, and timing of HSCT is often difficult in MDS. [9] [10] [11] Older age and comorbidities typical of patients with MDS are frequently associated with unacceptable risk of early death after transplantation. Even in younger and generally healthier patients, deciding when HSCT is appropriate can be challenging. In particular, patients with poor prognostic features may be directed to transplantation because they have few treatment options available or because standard therapeutics are not expected to provide durable responses.
Clinical features can help identify patients with MDS likely to benefit from HSCT. In addition to age, these variables include International Prognostic Scoring System risk group, ferritin level, monosomal karyotype, and disease burden before transplantation. 10, 12, 13 Donor features, such as degree of HLA matching, age, and sex, as well as preparative regimen also influence outcome. However, molecular genetic information is not routinely used to predict outcome for patients with MDS undergoing HSCT. The current survival rate for HSCT using wellmatched donors in patients with MDS is only 40% at 5 years, even in this highly selected population, with relapse and disease-specific mortality responsible for the bulk of deaths.
14 Better risk stratification before HSCT would allow for more accurate evaluation of potential benefit and could improve outcome in patients with MDS selected for transplantation and identify those for whom novel transplantation approaches are appropriate while preventing unnecessary transplantation in patients unlikely to benefit from the procedure.
Whether somatic mutations are important markers of response to HSCT is not known. To address this question, we examined samples from patients with MDS undergoing HSCT to determine whether somatic changes in frequently mutated genes are associated with longterm outcome after transplantation.
PATIENTS AND METHODS

Patient Samples
A total of 125 patients with MDS who underwent a first allogeneic bone marrow or peripheral-blood HSCT at the Dana-Farber Cancer Institute from 2004 to 2009 were considered for inclusion in this study. Patients were excluded if a tumor sample collected before transplantation was not available (34 patients) or if the sequencing assay could not be completed for their sample. 4 After these exclusions, 87 patients were included in the analysis cohort. No difference in overall survival (OS) was noted between included and excluded patients (P ϭ .44). All samples were collected with patient consent under an institutional review board-approved protocol in accordance with the Declaration of Helsinki. Patient characteristics are listed in Table 1 , and details of their conditioning regimens are listed in the Data Supplement.
Sample Processing, DNA Sequencing, and Mutation Analysis DNA was extracted from bone marrow mononuclear cells or peripheralblood samples collected before transplantation (median, 18 days; range, 9 to 119 days). Whole-genome amplification of DNA for each sample was performed using the REPLI-g kit from Qiagen (Venlo, the Netherlands). A genotype fingerprint of 22 common single-nucleotide polymorphisms (SNPs) for each sample was generated by matrix-assisted laser desorption/ionization time-of-flight genotyping (Sequenom, San Diego, CA). Target regions of 40 genes (Data Supplement) and genotype fingerprint regions were enriched using the HaloPlex polymerase chain reaction or Custom SureSelect hybrid capture system (Agilent Technologies, Santa Clara, CA) according to manufacturer instructions. Barcoded samples were pooled in equimolar amounts and subjected to 100-nucleotide paired-end sequencing on an Illumina Hi Seq 2000 (San Diego, CA). Sequence reads were aligned to the human genome (build 37) using the Burroughs-Wheeler algorithm. 15 The Genome Analysis Toolkit (https://www.broadinstitute.org/gatk/) was used to clean and locally realign reads before calling missense and insertion/deletion variants using MuTect. 16, 17 Sample identity was confirmed by matching fingerprint genotype calls. Synonymous variants, noncoding variants more than 6 bases from splice junctions, or germline polymorphisms present in databases of normal genomes (dbSNP 132 or National Heart, Lung and Blood Institute Exome Sequencing Project) at a population frequency Ն 1% were discarded. Remaining variants were considered candidate somatic mutations.
Statistical Methods
OS was calculated from date of transplantation to date of death, and surviving patients were censored at the date on which they were last known to be alive. Progression-free survival (PFS) was calculated from time of transplantation to date of relapse, progression, or death and was censored at the last date known to be alive and progression free. Curves were constructed for OS and PFS using the Kaplan-Meier method and compared using a log-rank test. Cox models were constructed to adjust for clinical and transplantation characteristics, and a backward elimination selection algorithm was used, with candidate variables having a univariable P value Ͻ .20. A time-dependent variable for interaction between mutation status and natural log of time was also included in these models to test the proportional hazards assumption. Cumulative incidence of nonrelapse death and relapse with or without death was calculated using competing risks from time of HSCT to relapse and nonrelapse death and compared using the Gray test. Associations of continuous measures between groups were assessed using a Wilcoxon rank sum test; for categorical variables, they were assessed using Fisher's exact test. P values are unadjusted, two sided, and considered significant at the .05 level.
RESULTS
Baseline clinical characteristics from our cohort of 87 patients who underwent HSCT for MDS at the Dana-Farber Cancer Institute are listed in Table 1 . Among the 53 patients included in our cohort who died, 72% died as a result of disease, with or without other causes. Median follow-up for the cohort was 49 months (95% CI, 36 to 67).
Spectrum of Mutations and Chromosomal Abnormalities
We analyzed the coding sequence of 40 genes known to be recurrently mutated in MDS and related myeloid malignancies. We identified mutations in 35 of the 40 selected genes, Ն one of which were present in 92% of samples (Fig 1; Data Supplement) . Mutations in several genes associated with higher-risk MDS were more prevalent in this cohort than in previously reported populations of patients with MDS, including ASXL1 (29%), TP53 (21%), DNMT3A (18%), and RUNX1 (16%). In contrast, mutations in the TET2 (13%) and SF3B1 (9%) genes were relatively underrepresented relative to other cohorts. 3, 4, [18] [19] [20] Previously reported patterns of mutations were observed. Mutations in splicing factor genes were largely exclusive of one another, as were mutations in tyrosine kinase signaling genes.
3,20 Mutations in specific genes have been associated with adverse prognostic features in patients with MDS, including elevated blast proportion and complex karyotype. In our transplantation cohort, samples with complex cytogenetics had a high frequency of TP53 mutations (57%), and TP53 mutations occurred almost exclusively in patients with complex karyotypes (89% v 17%; P Ͻ .001). TP53-mutant samples had a paucity of mutations in other genes (mean, 1.1 non-TP53 mutations per complex sample v 2.5 per noncomplex sample; P Ͻ .001).
3,21
Clinical and Genetic Features and Transplantation Outcomes
First, we examined the hazard ratio (HR) of death associated with mutations in the 17 genes mutated in Ն 5% of patients in this cohort (Table 2 ; Data Supplement). In this univariable analysis, only mutations in TP53 were significantly associated with shorter OS (HR, 3.74; 95% CI, 2.08 to 6.75; P Ͻ .001). TP53 mutations were also associated with shorter PFS (HR, 3.97; 95% CI, 2.22 to 7.10), and a trend toward shorter PFS for patients with DNMT3A mutations was observed (HR, 1.76; 95% CI, 0.98 to 3.19; P ϭ .061; Data Supplement). No genetic mutations were associated with longer PFS or OS.
Several patient and disease features are known to affect survival after HSCT for MDS, including patient age, sex, karyotype, and disease burden before transplantation. We next examined how these clinical and disease-related variables were associated with OS in our cohort. Patients with Ն 5% blasts had significantly worse OS compared with those with Ͻ 5% (HR, 1.84; P ϭ .032), as did patients with a complex karyotype compared with those without (HR, 2.16; P ϭ .007). Differences in conditioning regimens (myeloablative v nonmyeloablative; HR, 2.03; P ϭ .037) and donor type (unrelated v related; HR, 2.05; P ϭ .029) had a similar impact on OS (Data Supplement). There were no significant differences in survival for patients stratified by age (Ն 60 v Ͻ 60 years), sex, or donor sex.
Because mutations could be associated with adverse clinical features associated with OS, we performed an adjusted multivariable analysis to assess the association of patient mutations in TP53 and other genes with OS (Table 2) . Adjustment for presence of a complex karyotype, Ͼ 5% blasts, donor type, and conditioning regimen identified mutations in TP53, TET2, and DNMT3A as significantly associated with shorter OS. For TP53 mutations, which were strongly associated with complex karyotype, nonmyeloablative conditioning, and unrelated donor, the HR of death decreased (HR, 2.30; P ϭ .027) yet remained significant. The OS curve for patients with TP53 mutations is shown in Figure 2A . Within the group of patients with complex cytogenetics, TP53 mutations highlighted a subset with significantly shorter OS. In contrast, patients with complex cytogenetics and no TP53 mutation had OS comparable to that of patients without complex cytogenetics (Fig 2B) .
For patients with a TET2 or DNMT3A mutation, the adjusted HR for OS was statistically significant and comparable to that for patients with a TP53 mutation (Table 2) . However, most patients with a DNMT3A or TET2 mutation did not have a complex karyotype and were not more likely to have an elevated bone marrow blast percentage before transplantation, yet these patients had shorter OS compared with patients without such mutations (Fig 2C) . TP53, TET2, and DNMT3A mutations occurred in largely nonoverlapping groups of patients, and nearly one half of the cohort (47%) had a mutation in Ն one of these three genes. Together, these genes identified a population of patients with substantially shortened OS (median, 7.4 months; 95% CI, 4.4 to 12.6 v not reached [NR]; 95% CI, 19.5 to NR) and PFS (median, 4.6 months; 95% CI, 2.8 to 8.0 v NRl 95% CI, 6.3 to NR).
100-Day Landmark and Regression Analyses
Survival to day 100 after HSCT for MDS is an important clinical time point, after which the risk of relapse begins to outweigh the risk of transplantation-related mortality. In our cohort, 72 patients reached this milestone. We hypothesized that mutations, as disease-intrinsic abnormalities, would be more closely associated with risk of relapse after HSCT rather than other causes of transplantation-related mortality. Because the exact cause of death can be difficult to discern, we performed a planned landmark analysis with patients surviving to day 100. In univariable analyses, donor type and conditioning regimen were no longer predictive of OS in this group, but mutations in TP53 remained strongly associated with OS and PFS. Differences were observed in multivariable Cox models created by examining the entire cohort of patients and those in the day-100 landmark group (Table 3) . The model for the entire cohort identified mutations in TP53 and TET2 as independent predictors of OS. In the day-100 analysis, TP53 and DNMT3A mutations emerged as independent predictors of OS, along with a complex karyotype. Patients with TET2 mutations had slightly more early deaths that patients with mutations in DNMT3A alone, but both groups had comparable long-term survival rates ( Fig  2C) . Thus, mutations in TP53, TET2, and DNMT3A are predictors of survival, and 60% of patients with MDS without these mutations were alive and disease free 3 years after HSCT.
DISCUSSION
To explore the value of somatic mutations in predicting outcome in the setting of HSCT for MDS, we used deep, massively parallel sequencing to examine 40 genes in samples from 87 patients with MDS before allogeneic transplantation. We identified mutations in three genes-TP53, TET2, and DNMT3A-which were each associated with shorter OS after adjustment for clinical factors associated with poor outcome after stem-cell transplantation. Mutations of Ն one of these genes were found in nearly one half of patients in this cohort.
Mutations of other genes associated with poor prognosis in prior studies, such as RUNX1, ASXL1, SRSF2, and U2AF1, were not associated with differences in OS in our cohort of patients who underwent HSCT (Data Supplement). 3, [22] [23] [24] This may have been the result of disease-modifying effects of conditioning and transplantation or because of the fact that the prognostic significance of these gene mutations is more pronounced in lower-risk patients, of whom there were few in this study. In contrast, TP53 mutations have independent prognostic value, even in higher-risk patients with MDS, in whom they are most commonly found.
3,21
The DNMT3A and TET2 genes encode epigenetic modifiers that regulate DNA methylation, and both are recurrently mutated in MDS, acute myeloid leukemia, and other hematologic malignancies. In acute myeloid leukemia, mutations of both genes are enriched in patients with intermediate-risk karyotypes and are associated with poor prognosis. 25, 26 In MDS, the clinical significance of DNMT3A mutations is less clear but also seems to be unfavorable, whereas TET2 mutations are not associated with survival. 5, 7, 18, 19, 27, 28 Both TET2 and DNMT3A mutations are relatively promiscuous and often co-occur with other mutated genes that can predict outcomes. For example, in a study of lower-risk patients with MDS, DNMT3A mutations were not associated with OS in univariable analysis. However, the DNMT3A-mutant/SF3B1-wild-type subgroup did have shorter OS. 19 In our transplantation cohort of largely higher-risk patients, SF3B1 mutations were rare, and most DNMT3A-mutant samples were SF3B1 wild type (88%).
DNMT3A and TET2 mutations identified in pretransplantation samples were largely from patients without adverse clinical features known to predict poor outcome. Most of these patients did not have a complex karyotype and were not more likely to have an elevated bone marrow blast percentage before transplantation. Nevertheless, we found that patients with a TET2 or DNMT3A mutation were at increased risk of relapse and death after transplantation, particularly when other predictive variables were considered. We conclude that consideration of TET2 and DNMT3A mutation status can help predict the risk of mortality in patients with MDS.
In MDS, TP53 mutations have long been known to be associated with karyotype, elevated bone marrow blast percentage, and severe thrombocytopenia. prognostic significance for patients with MDS. 3,21,30-32 In our study, TP53 mutation status was the most significant predictor of mortality after transplantation. All 18 TP53-mutant patients died before 5 years after transplantation, and 83% had MDS present at time of death (Table 4) . Their short median survival of 4.6 months is striking and suggests no HSCT benefit in this group. If TP53 mutations are associated with resistance to specific conditioning regimens or indicative of rapidly progressive disease, standard transplantation may not be a viable therapeutic option for this patient population. In the case of reduced-intensity transplantation, the pace of disease may not allow enough time for adequate graft-versus-tumor effect to take place. Clinical strategies to reinforce graft-versus-MDS effect or intensify conditioning or pretransplantation therapy or strategies that include post-HSCT therapy may be particularly beneficial in these patients. 33 Although TP53 mutation status was not associated with patient age (P ϭ .60), 16 of the 18 patients with TP53-mutant disease in this study received reduced-intensity conditioning, and all but one had an unrelated donor (Data Supplement). It remains possible that myeloablative conditioning might mitigate the impact of these adverse TP53 mutations (Data Supplement). For most patients with MDS, this would not be a viable option, because of advanced age or comorbid diseases. We conclude that TP53 mutation status is an important factor to consider when assessing the potential risks and benefits of HSCT for MDS.
The decision to perform HSCT in patients with MDS can be challenging, and our findings suggest that analysis of mutations can aid such decisions. Selecting patients for transplantation requires careful determination of the predicted risks and potential benefits of the procedure in comparison with other therapeutic approaches, including supportive care and clinical trials. Consideration of several host factors, disease features, and donor qualities can help in this determination, but uncertainty persists. To date, the presence of molecular genetic abnormalities has not been routinely included in the evaluation of patients before transplantation.
The results of this study identify a clinical setting in which genetic profiling of tumor samples can inform care decisions for patients with MDS. Although replication of these findings will be required, our study demonstrates how mutations in TET2, DNMT3A, and TP53 identify a significant fraction of HSCT recipients with poor long-term survival, for whom alternatives to standard transplantation options should be considered. Patients without mutations in these genes have relatively good OS and PFS and could potentially be prioritized for HSCT. Abbreviation: NRM, nonrelapse mortality.
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Gray test. †Causes that include term "disease" indicate that myelodysplastic syndrome was present at time of death. ‡Including respiratory failure, sepsis, infection, cardiac, bleeding, second malignancy, graft-versus-host disease, veno-occlusive disease, and other.
